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  Abstract 36 
Most of the planet’s diversity is concentrated in the tropics, which includes many regions 37 
undergoing rapid climate change. Yet, while climate-induced biodiversity changes are widely 38 
documented elsewhere, few studies have addressed this issue for lowland tropical ecosystems. 39 
Here we investigate whether the floristic and functional composition of intact lowland 40 
Amazonian forests have been changing by evaluating records from 106 long-term inventory 41 
plots spanning 30 years. We analyse three traits that have been hypothesized to respond to 42 
different environmental drivers (increase in moisture stress and atmospheric CO2 43 
concentrations): maximum tree size, biogeographic water-deficit affiliation and wood density. 44 
Tree communities have become increasingly dominated by large-statured taxa, but to date there 45 
has been no detectable change in mean wood density or water deficit affiliation at the 46 
community level, despite most forest plots having experienced an intensification of the dry 47 
season. However, among newly recruited trees dry-affiliated genera have become more 48 
abundant, while the mortality of wet-affiliated genera has increased in those plots where the 49 
dry season has intensified most. Thus, while changes in compositional dynamics (recruits and 50 
mortality) are consistent with climate-change drivers, these have yet to significantly impact 51 
whole-community composition. Overall, we find that the increase in atmospheric CO2 appears 52 
to be driving a shift within tree communities to large-statured species and that climate changes 53 
to date will eventually impact Amazon forest composition, but long generation times of tropical 54 




Tropical forests represent the world’s most biodiverse ecosystems, as well as providing its 57 
largest stores of living carbon and contributing more to biomass productivity than any other 58 
biome on the planet. Changes here can therefore have global consequences, potentially 59 
nowhere more so than in Amazonia where between 6,000 and 16,000 tree species exist 60 
(Cardoso et al., 2017, ter Steege et al., 2013) and as much as 100 Pg of carbon is stored in 61 
biomass (Feldpausch et al., 2012). While the physical, chemical, and biological environment 62 
have all been changing over recent decades, it is the changes in climate – both documented and 63 
projected – which are widely expected to cause some of the most profound changes in forest 64 
communities and ecosystem processes (Esquivel-Muelbert et al., 2017a, Thomas et al., 2004). 65 
For example, higher temperatures and intensifying drought may threaten larger trees due to 66 
hydraulic failure (McDowell &  Allen, 2015, Rowland et al., 2015), which could eventually 67 
compromise forest biomass and productivity. In Amazonia, because forest diversity is 68 
concentrated in the wetter, least seasonal forests (Francis &  Currie, 2003, Gentry, 1988), a 69 
persistent lengthening of the dry season might threaten a large portion of tropical biodiversity. 70 
Here we aim to better understand how Amazonian trees have responded to the last 30 years of 71 
environmental change, by analysing floristic records from long-term tree monitoring in the 72 
Neotropics to assess the potential compositional changes to date. 73 
Changes in biodiversity attributed to climate change have already been documented in 74 
a wide variety of ecosystems (e.g. Bowler et al., 2017, Chen et al., 2009), including in some 75 
tropical locations, but so far there is remarkably little evidence of any widespread impacts of 76 
climate change on the composition of tropical ecosystems which harbour much of the planet’s 77 
diversity (Duque et al., 2015, Fauset et al., 2012, van der Sande et al., 2016). In contrast, there 78 
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is evidence for large-scale changes in the structure (i.e., aboveground biomass) and dynamics 79 
(e.g., mortality and productivity) of old-growth tropical forests. In many forests, apparently 80 
undisturbed by humans, both aboveground biomass and the rate of ecological processes such 81 
as growth and recruitment have increased (Brienen et al., 2015, Lewis et al., 2009b, Phillips &  82 
Gentry, 1994, Qie et al., 2017), while in Amazonia increases in mortality have caused a recent 83 
weakening of the biomass carbon sink (Brienen et al., 2015). However, it remains unclear 84 
whether these structural and dynamic changes are also associated with concerted changes in 85 
the species richness and composition of Amazonian forests.  86 
In Amazonia, as elsewhere, climate change is a potential leading driver of changes to 87 
the ecosystem. During the last few decades, the climate of Amazonia has become more extreme 88 
– the length of the dry season and its intensity have increased, whilst precipitation has become 89 
more intense during the wet season (Gloor et al., 2015, Hilker et al., 2014). Extreme climate 90 
events in recent years include the three strong droughts within a decade (Erfanian et al., 2017, 91 
Jiménez-Muñoz et al., 2016, Lewis et al., 2011, Marengo et al., 2008, Marengo et al., 2011) 92 
and several large-scale episodes of extreme rainfall (Espinoza et al., 2014, Marengo &  93 
Espinoza, 2016). In addition to the repeated drought events, precipitation has declined in the 94 
south and south east of the basin (25% reduction in rainfall between 2000 and 2012) (Hilker et 95 
al., 2014) and higher temperatures are likely to have intensified seasonal evaporative stress 96 
across the basin (Jiménez-Muñoz et al., 2013). These changes are consistent with model-based 97 
predictions (Duffy et al., 2015), implying that the Amazon may already have entered a new 98 
regime of a hotter, more variable climate. The forest has clearly responded to these recent 99 
fluctuations in climate – for example, tree mortality rates increased markedly during and after 100 
drought events causing at least temporary losses of standing biomass (Brienen et al., 2015, 101 
Feldpausch et al., 2016, Phillips et al., 2009, Zuleta et al., 2017). The 2010 drought also 102 
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impacted on the basin-wide exchange of carbon dioxide between the vegetation and the 103 
atmosphere, with the vegetation becoming a net source of CO2 during 2010 (Gatti et al., 2014). 104 
In addition to the changes in climate, atmospheric CO2 concentrations have increased 105 
globally from 340 ppm to over 400 ppm over the past 50 years (Conway &  Tans, 2016). 106 
Carbon dioxide is also a fundamental resource for photosynthesis and higher concentrations 107 
are expected to stimulate plant growth (Lloyd &  Farquhar, 1996). Indeed, the increase in 108 
atmospheric concentrations of CO2 is a potential driver of the observed increase in 109 
aboveground biomass and turnover rates in tropical forests (Brienen et al., 2015, Lewis et al., 110 
2009a, Pan et al., 2011, Zhu et al., 2016). Additionally, under higher CO2 concentrations plants 111 
may increase their water-use efficiency with less water being required per unit of carbon fixed. 112 
Thus, by allowing plants to use less water, higher CO2 concentrations could alleviate the effect 113 
of increasing aridity (Lloyd &  Farquhar, 2008, van der Sleen et al., 2015). 114 
Interpreting potential shifts in tropical floristic composition and linking them with 115 
possible drivers is a considerable challenge due to the very high diversity of tropical forests 116 
and their large spatial extent. However, if sufficient high-quality, long-term floristic monitoring 117 
is available, then the approach of analysing shifts in a suite of functional traits to describe how 118 
communities change over time can be used to link floristic changes to their drivers (McGill et 119 
al., 2006, Violle et al., 2014). For tropical tree species, two largely independent trait axes may 120 
have value in addressing these questions. One axis, the life-history trade-off between growth 121 
and mortality, can be represented by wood density as it is negatively correlated to growth and 122 
mortality rates. This is a reflection of slow-growing trees tending to invest more in wood 123 
structure (Chave et al., 2009, Muller-Landau, 2004, Nascimento et al., 2005, Poorter et al., 124 
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2010). The other axis is related to the potential size that taxa can attain, representing the 125 
capacity of taxa to compete for light (Falster &  Westoby, 2005, Poorter et al., 2005).  126 
Environmental changes could have different impacts along each of these ecological 127 
axes (Chave et al., 2008, Lewis et al., 2009a). Most notably, with more extended or intense 128 
periods of soil water deficit, large trees and those with low wood density may be at greatest 129 
risk of hydraulic failure due to cavitation (McDowell &  Allen, 2015, Rowland et al., 2015). 130 
Large trees have been shown to be particularly affected by artificially-imposed drought 131 
(McDowell &  Allen, 2015, Nepstad et al., 2007, Rowland et al., 2015) and drought events 132 
(Bennett et al., 2015, Phillips et al., 2010). On the other hand, several observations from 133 
tropical forests show a decline of small understory taxa associated with increases in soil water 134 
deficit increases (e.g. Condit et al., 1996, Enquist &  Enquist, 2011, Fauset et al., 2012, Feeley 135 
et al., 2011a). To explain these observations, it has been hypothesized that small taxa have 136 
shallower roots and are therefore be more vulnerable compared to large, deep rooted trees to 137 
long-term drying trends (Condit et al., 1996, Fauset et al., 2012). Although the link between 138 
rooting depth and tree size is still unclear (Stahl et al., 2013), this hypothesis is consistent with 139 
wetter areas tending to have more densely populated understoreys (Malhi et al., 2002, Pitman 140 
et al., 2002) and taller forests being less sensitive to precipitation variability (Giardina et al., 141 
2018). The on-going increase in atmospheric carbon dioxide is also expected to cause changes 142 
in species composition as it is predicted to favour those trees that have greater competitive 143 
capacity to access light (Coomes et al., 2011, Laurance, 2004), consequently increasing the 144 
mean potential tree size within the community (e.g. Laurance et al., 2004) and to favour fast-145 
growing trees, potentially leading to communities with lower wood density. 146 
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Given the uncertainty about how tree size relates to responses to a drying climate, the 147 
geographic distributions of species over precipitation gradients offer an alternative source of 148 
information with which to predict and to infer the effects of drought on floristic composition. 149 
The spatial distribution of tree taxa over precipitation gradients has been shown to provide a 150 
valuable proxy for drought-tolerance in observational studies and experiments (Engelbrecht et 151 
al., 2007, Esquivel-Muelbert et al., 2017b). If drought is increasingly affecting Amazonian 152 
forests, we might therefore expect concerted shifts in tree communities towards more dry-153 
affiliated components A compositional shift towards more dry-tolerant taxa as a consequence 154 
of an increase in moisture-stress has been reported locally for sites in southern Ghana (Fauset 155 
et al., 2012), Central America (Enquist &  Enquist, 2011, Feeley et al., 2011a), and parts of the 156 
Amazon (Butt et al., 2014). 157 
Here, we aim to quantify the shifts in the floristic composition of Amazonian tree 158 
communities, and test the hypothesis that recent climatic drying is already impacting the 159 
composition of Amazonian forests. The dataset derives from 106 long-term, tree inventory 160 
plots distributed across intact closed-canopy moist forests in lowland Bolivia, Brazil, 161 
Colombia, Ecuador, French Guiana, Guyana, Peru, and Venezuela (Appendix S1). We analyse 162 
monitoring records from as early as 1985 onwards to as recently as 2015, deliberately excluding 163 
any possible influence of the 2015-16 El Niño drought from our analysis. We investigate trends 164 
within the overall community composition, as well as among recruits, trees that died, and in 165 
the growth rate that occurred within each census interval (Figure 1). We analyse compositional 166 
shifts along these three trait axes, which we demonstrate to be independent: life-history (using 167 
wood density as a proxy), potential size, and bioclimatic distribution (Appendix S2). Based on 168 
predictions from plant physiology supported by experimental studies, we expect increases in 169 
dry season duration or intensity to shift floristic composition towards dry-affiliated and taxa 170 
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with smaller-statured genera with high wood density (McDowell &  Allen, 2015, Rowland et 171 
al., 2015). Additionally, we examine trends in abundance for individual genera, which allows 172 
us to understand which taxa dominate the changes in functional composition.  173 
Methods 174 
Field observations and forest dynamics 175 
We investigate the trends in functional and floristic composition of tree communities 176 
by analysing long-term data from permanent tree inventory plots in the Amazon and adjacent 177 
lowland forests (Appendix S1). A total of 106 South American forest plots from the RAINFOR 178 
network (Malhi et al., 2002), accessed via the ForestPlots.net repository (Lopez-Gonzalez et 179 
al., 2011), met our criteria: (i) sampling lowland (< 1000 m.a.s.l), terra firme, intact, moist 180 
forests (i.e., where mean maximum cumulative water deficit (MCWD) over the last century is 181 
less negative than -300 mm y-1); (ii) having been monitored throughout the period of the two 182 
intense dry seasons in 2005 and 2010 (see Supplementary material for analyses including plots 183 
that were not monitored during 2005 and 2010); (iii) having had regular monitoring, thus 184 
excluding any plots where census interval lengths differed by more than 10 years; (iv) having 185 
at least 80% of tree stems identified at least to genus level. The selected plots have a mean area 186 
of 1.25 ha (95% CI = 1.16, 1.35), and have been re-censused on average 7 times, with a mean 187 
census interval of 2.8 years.  188 
The long-term plots were monitored following a standardized protocol (Phillips et al., 189 
2016). Full methodological details are given elsewhere (Brienen et al., 2015). In brief, all trees 190 
and palms >10 cm diameter (D) at 1.3 m (or above-buttress) are tagged, identified to the species 191 
level (when possible), have their D measured, and the point of measurement marked and 192 
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recorded. At every census, trees previously recorded are re-measured, and new recruits - i.e., 193 
trees that have newly attained 10 cm when the plot is revisited - tagged, measured and 194 
identified, and notes are taken about the individuals that died between censuses. Lianas and 195 
non-woody freestanding plants (Phenakospermum) are excluded from our analyses. 196 
Climate data 197 
To characterise the change in moisture-stress we calculated temporal trends in 198 
maximum cumulative water deficit (MCWD - Aragao et al., 2007) for each plot. MCWD 199 
represents the most negative value of water deficit (wd), i.e., the difference between 200 
precipitation (P) and evapotranspiration (E) within each year, where for each month (n) wd is 201 
quantified as: 202 
If wdn-1 - En + Pn < 0; 203 
then wdn = wdn-1 - En + Pn   Eq (1) 204 
else wdn = 0 205 
In other words, MCWD is an annual water deficit metric which takes into account both 206 
the length and intensity of the dry season based solely on climatic variables, i.e., ignoring soil 207 
properties. The calculation of MCWD does not necessarily follow the calendar year, as for 208 
tropical forests in the northern hemisphere the annual dry season typically spans two calendar 209 
years (between October and March). Thus, the starting point, i.e., when n = 1, was defined 210 
climatologically as the wettest month in the first year in the time series (i.e., 1985), rather than 211 
the first month of that calendar year. 212 
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In addition to annual MCWD, following Feldpausch et al. (2016), we also estimated 213 
the intensity of the most extreme dry season between two consecutive censuses, hereafter 214 
termed MCWDi. This metric represents a measure of maximum environmental disruption 215 
between two censuses, i.e., the most negative value of annual MCWD between each successive 216 
pair of censuses. Only complete years were considered for this calculation. For the first census 217 
of each plot the MCWDi was calculated as the most negative MCWD values within the 3-year 218 
period preceding that census. This time window is equivalent to the mean census interval within 219 
the data (2.8 years).  220 
Climate data were obtained from the Climatic Research Unit (CRU), at 0.5o spatial 221 
resolution from 1985 to 2015 (Harris et al., 2014) where evapotranspiration is calculated based 222 
on the Penman–Monteith equation (Allen et al., 1994) using information on temperature, cloud 223 
cover and vapour pressure (Harris et al., 2014). MCWD trends calculated from this ground-224 
based precipitation data source were consistent with satellite-based data from the Tropical 225 
Rainfall Measuring Mission (TRMM - Huffman et al., 2007) at 0.25o spatial resolution between 226 
1998 and 2010 (R2 = 0.87; P <0.0001 - see Appendix S3 for more detail). Here we opt to use 227 
ground-based data from CRU as this covers the whole time window of the floristic analyses. 228 
Traits  229 
We describe Amazonian tree genera in terms of the three basic traits shown in previous 230 
work and in Appendix S2 for our data to represent largely independent axes of fundamental 231 
plant characteristics and each potentially responsive to environmental change: Potential Size 232 
(PS) (cm): the 95th percentile of the distribution of trees’ diameter derived from a set of 530 233 
inventory plots across the Amazon Basin (Fauset et al., 2015); Water deficit affiliation 234 
(WDA) (mm): derived from relative abundances across 513 inventory plots distributed along 235 
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a large gradient of MCWD across the Western Neotropics (Esquivel-Muelbert et al., 2017a). 236 
This metric quantifies the preferred dry season severity for each taxon and is calculated as the 237 
dry season severity (measured as MCWD) where a taxon occurs weighted by the taxon’s 238 
relative abundance in each location (Esquivel-Muelbert et al., 2017a). Taxa affiliated to dry 239 
conditions show the most negative values of WDA, whilst the most wet-affiliated ones have 240 
values of WDA equal to zero; Wood density (WD) (g cm-3): values were extracted from the 241 
Wood Density Database (Chave et al., 2009, Zanne et al., 2009). There was no indication of 242 
any pairwise relationship among any of the traits: WDA vs. PS (R2 = 8 x 10-3) WDA vs. WD 243 
(R2 = 5 x 10-4) and WD vs. PS (R2 = 2 x 10-3). 244 
The diversity of Amazonian flora hinders us from performing consistent species-level 245 
analyses as comprehensive trait data are still missing for the large majority of Amazonian tree 246 
species. Therefore, our analyses were performed at the genus-level and the mean trait value of 247 
the genus was assigned to each individual. Our approach is expected to be adequate to capture 248 
the actual functional shifts in Amazonia as it captures most of the trait variation of Amazonian 249 
trees, which is mostly accounted for at the family and genus level (see Baker et al., 2004, 250 
Coelho de Souza et al., 2016, Fyllas et al., 2009, Patiño et al., 2009). Although genus-level 251 
analyses still of course miss some information on trait variation, analyses at this taxonomic 252 
resolution are potentially more conservative with respect to the hypothesis of environmental-253 
driven floristic change than analyses at the species level as they use mean genus-level values 254 
instead of (more extreme) species-level values. Results of analyses using species-level traits, 255 
for those taxa where data are available, do not differ from genus-level results (see Appendix 256 
S8). 257 
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Genus-level trait data were missing for 6%, 9% and 0.04% of all stems for PS, WDA 258 
and WD respectively. For these cases, the mean trait values from the family were used, 259 
following established conventions (Baker et al., 2004, Flores &  Coomes, 2011) and 260 
considering the phylogenetic conservatism of PS and WD for Amazonian trees (Coelho de 261 
Souza et al., 2016). For the small proportion of individuals belonging to families for which no 262 
trait information was available, we used average trait values of the community in the same 263 
census was used. For those stems not identified to family level (3.9%), we applied the mean 264 
trait for all dicot individuals of the plot-census during which the tree was recorded. Considering 265 
the low proportion of missing data the imputation technique is unlikely to strongly affect our 266 
results (Penone et al., 2014). 267 
Then, to obtain a census-level value for each of the three traits, we scaled the genus-268 
level traits to the community level by calculating the community-weighted mean (CWM sensu 269 
Diaz et al., 2007) for each trait in each census. For each of the 743 censuses across 106 plots, 270 
the CWM of each of these components was calculated as the mean trait value across the genera 271 
of the community, weighted by (1) the number of stems and (2) the total basal area occupied 272 
by each genus. Community-weighted means were calculated for the whole community and for 273 
each component of forest dynamics, i.e., the recruits (new trees that reach the 10 cm D cut-off 274 
after each census interval), losses (those trees that died within each census interval) and the 275 




Figure 1 – Schematic model representing the different components of forest demography. The box 278 
on the left represents an inventory plot of a forest community at the first census (Ct0), whilst the box on 279 
the right shows the community at the second census (Ct1). At Ct1 recruits (R), i.e., those trees that 280 
attained 10 cm of diameter within the census interval, will now be part of the community analysed. 281 
Other trees will have died thus leaving the community, here called losses (L). Those trees from Ct0 that 282 
survive through the census interval are expected to grow (G). Thus, the basal area of the whole 283 
community at t1 is Ct1 = Ct0 + G t1 + R t1 - L t1 and the net flux between t0 and t1 = G t1 + R t1 - L t1. Here 284 
we investigate the trends in the characteristics and identity of genera within these components of forest 285 
demography. This figure represents dynamics in basal area terms; similar logic can be applied for stem-286 
based analyses. Note that in this case we would not be interested in the growth of trees surviving from 287 
t0 to t1, and so the net flux would be represented as R t1 - L t1. 288 
Analytical approach 289 
 We investigated changes in functional (mean potential size, water deficit affiliation and 290 
wood density) and floristic composition (relative abundance of individuals within different 291 
genera) by assessing trends over time of these quantities for each plot and their Amazon-level 292 
mean.  293 
Trends in functional composition 294 
We investigated functional trends for the different components of forest demography 295 
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were quantified using (1) the bootstrapped mean and 95% CI of plot level linear regression 297 
slopes of the community weighted mean (CWM) as a function of time, averaged across all 298 
plots, and (2) linear mixed effect models (LMM) of CWM as a function of time with plot 299 
identified as a random effect, using function lmer from the R package lme4 (Bates et al., 2015). 300 
Whilst the first approach provides information of the overall mean trend across all plots, in 301 
which the uncertainty estimate is derived using a non-parametric approach, the second 302 
approach gives an estimate of the trend over the whole period (1985-2015), accounting for 303 
potential changes in which plots are analysed over different time windows along the 30-year 304 
period.  305 
The bootstrapped mean and confidence intervals were calculated from the linear slopes 306 
of CWM (i.e., mean plot level traits) for each plot where the CWM in each census (j) is a 307 
function of the date when the census took place (time): 308 
CWM  ~ 𝛽 +  𝛽 ∗  time   (Eq 2) 309 
 Then, an Amazon-wide weighted mean and the 95% CI were estimated by randomly 310 
resampling values of the plot-level slopes (2 from Eq. 2) across all plots, 10,000 times. We 311 
further estimate the potential influence of spatial autocorrelation on our results by testing the 312 
correlation between the Euclidean distance in the trends in CWM and the spatial distance 313 
between the plots (Appendix S7). 314 
The variation in plot area and monitoring period may be expected to influence plot-315 
level trends as smaller plots and those monitored for shorter periods are more likely to be 316 
affected by stochastic phenomena, such as tree falls (Fisher et al., 2008). An empirical 317 
investigation of the impact of sampling effort (i.e., length of monitoring period and plot size) 318 
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on our estimate showed that the variance is expected to scale as a function of the square root 319 
of plot area multiplied by the monitoring period (Appendix S4). Thus, to account for the noise 320 
attributed to sampling effort we used the square root of plot area multiplied by the monitoring 321 
period as weights when calculating Amazon-level mean and confidence intervals of the CWM 322 
slopes.  323 
The LMM follows the same logic of the previous analyses with CWM as a linear 324 
function of time:  325 
CWM  ~ (𝛽 + a ) +  (𝛽  +b ) ∗  time  + 𝜀  (Eq 3) 326 
where CWM in plot i and census j is a function of the date when the census occurred 327 
(time). Here time is used as a fixed effect and the random components of the model are the 328 
intercept (a) and slope (b) for each plot and the overall residuals (ε). The slope and intercept of 329 
each plot were included as random effects considering that both the initial trait value 330 
(represented by the plot intercept, ai) and the intensity of change (represented by the plot slope, 331 
bi) may differ across plots. An exploration of the influence of sampling effort on the variance 332 
of the residuals shows no weighting procedure to be required for this analytical framework 333 
(Appendix S4).  334 
The influence of climate on functional composition 335 
To explore the potential impact of climate changes on functional change, we tested 336 
whether changes in the community are related to changes in climate. First, we calculated the 337 
linear trend in MCWD and MCWDi over the inventory period for each plot. We then used 338 
Kendall’s τ coefficient to test for the correlation between linear slopes of change in CWMs 339 
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(composition) and MCWD (climate) for each plot. For the cases where the correlation was 340 
significant, we fit an OLS linear regression with the trends in CWM as a function of trends in 341 
MCWD. 342 
Trends in floristic composition 343 
We investigated the influence of individual taxonomic groups on any functional shifts 344 
by analysing the relationship between shifts in abundance and trait values. Trends in relative 345 
abundance for each taxon were calculated following the same procedure applied above to 346 
analyse CWM changes, i.e., by calculating the bootstrapped mean of linear trends and applying 347 
LMM, but here using the relative abundance of each genus as a response variable instead of 348 
CWM. The bootstrap means were calculated from a modified version of Eq 2 applied to every 349 
plot: 350 
RA  ~ 𝛽 +  𝛽 ∗  time  (Eq 4) 351 
where RA is the relative abundance of a genus at plot i and census j. We then use the 352 
LMM approach by modifying Eq. 3 to: 353 
RA  ~ (𝛽 + a ) + (𝛽  +𝑏  ) ∗  time  +  𝜀  (Eq 5) 354 
An Amazon-wide slope using each of the methods was calculated for each taxon. The 355 
LMM analysis was restricted to genera that occurred in three or more plots. As for the 356 
functional analyses, each plot in the bootstrap mean following Eq 4 was weighted by the square 357 
root of plot area multiplied by the monitoring period and no weighting procedure was applied 358 
for the LMM approach (Eq 5). Trends in abundance were also calculated for families and 359 
species (Appendix S12).  360 
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Next, we investigated which genera contribute most to the significant functional 361 
changes that were detected. When trends in functional composition were significantly different 362 
from zero (see Trends in functional composition for details), we estimated Kendall’s τ 363 
coefficient of correlation between Amazon-wide slopes (calculated for the whole community, 364 
for recruits, and for losses) for each genus and their trait values (WDA, WD or PS). To ensure 365 
that abundance trends were estimated with reasonable levels of uncertainty, we restricted the 366 
investigation of the trends in abundance vs. traits relationship to only include genera within the 367 
upper 20% quantile of abundance across the whole dataset. 368 
Finally, we calculated the trends in abundance for four Amazonian functional types 369 
defined by Fyllas et al. (2012) using trait information from a subset of the Amazonian species 370 
included in this study. The four Amazonian functional groups (small pioneers, small-statured 371 
non-pioneers, tall pioneers and tall non-pioneers) are based on variety of foliar and structural 372 
traits (Appendix S10) independent from the traits considered in our main analyses. This 373 
therefore provides complementary information to our main analyses. 374 
Results 375 
Climate trends 376 
The forests analysed here have on average experienced a strengthening of the dry season, as 377 
measured by maximum cumulative water deficit (MCWD). The plot-level annual MCWD 378 
became more negative by on average 1.1 mm y-1 (95% CI = 1.4, 0.9) since 1985 (Fig. 2). This 379 
represents a marked increase in MCWD across our plots by on average 36% between 1985 and 380 
2014. There are exceptions to the overall drying trend, with some plots near the Andes 381 
becoming wetter during this period (Fig. 2). 382 
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383 
Figure 2 – Trends in maximum cumulative water deficit (MCWD) across the Amazon Basin. (a) 384 
Frequency of annual linear trends in MCWD per plot between 1985 and 2014. Note that for most plots 385 
the climate has significantly shifted towards more negative MCWD values. Mean change and 95% 386 
confidence intervals (black solid and dashed lines) across our plots weighting plots by plot area were 387 
calculated using a bootstrap procedure by resampling the trends in MCWD from all plots 10,000 times 388 
with replacement. (b) Distribution of annual linear trends in MCWD per plot. Arrows pointing down 389 
(in red) represent locations where MCWD has become more negative over time, i.e., the dry season has 390 
become more intense. Arrows pointing up (blue) represent less negative values of MCWD meaning that 391 
moisture stress decreased. The intensity of the colors in (a) and (b) represent the strength of the climate 392 
trend. Note the difference in scale between drying and wetting trends color bars. (c) Mean annual 393 
MCWD across plots, and 95% CI from resampling among all plots, note lower MCWD values at 2004-394 
2005 and 2009-2010 (grey-shaded rectangles). 395 
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Trends in functional composition 396 
Overall, there has been a significant increase in the potential size (PS) of tree 397 
communities: the community weighted mean (CWM) of PS when weighted by basal area 398 
increased by 0.03 cm y-1 (95% CI = 0.02, 0.05 cm y-1) or 0.06% y-1 with basal gains increasing 399 
in PS by 0.06 cm y-1(95% CI = 0.01, 0.12 cm y-1) meaning that plots have been progressively 400 
occupied by larger statured genera (Table 2). The increase in basal area-weighted community-401 
level PS holds regardless of the analytical technique, i.e., bootstrapped means or LMM (Table 402 
2, Appendix S6). 403 
For the recruits, dry-affiliated genera have become more abundant, with water-deficit 404 
affiliation (WDA) becoming significantly more negative for this segment of the community by 405 
0.45 mm y-1 (CI 95% -0.9, -0.03 mm y-1) or 0.3% y-1 (Table 1). This trend was marginally 406 
significant across the basin when calculated using LMM (Appendix S6.1), however it was 407 
observed for 62 out of 102 plots (P=0.03, two-tailed binomial test) and persisted when our 408 
analyses were repeated across a larger dataset (Appendix S6.2) and when grouping together 409 
nearby plots to account for spatial autocorrelation in the distribution of plots (Appendix S7.2).  410 
Among the trees that died within the study period (losses), basal area-weighted wood 411 
density (WD) decreased by 1 x 10-3 g cm3 y-1 or 0.16% y-1 in the LMM analyses (Appendix 412 
S6). This trend, however, was only observed for 53 out of 102 communities, meaning that 413 
positive and negative slopes are equally likely to be observed (P=0.8, two tail binomial test), 414 
thus it was only marginally significant when using bootstrapped means: -1x10-3 g cm3 y-1 (90% 415 
CI = -2x10-3, -5x10-6 g cm3 y-1). No equivalent significant abundance-based trend for losses in 416 
WD terms was observed (Table 1, Appendix S6).  417 
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418 
Figure 3 – Trends in functional composition between 1985 and 2015 across Amazonia. The y-axes 419 
show stem-based community weighted mean (CWM) trends in (a-c) water deficit affiliation (WDA), 420 
(d-f) potential size (PS) and (g-i) wood density (WD) at genus level. Values are standardized with 421 
respect to the whole plot population to allow comparison among traits meaning that the value for the 422 
whole community in the first census is equal to 1. CWM trends are shown for the whole community (a, 423 
d, g), recruits (b, e, h), and losses (c, f, i). Grey line and grey-shaded area show standardized mean and 424 
95% CI census-level CWM, which can be influenced by some switching of plots assessed through time. 425 
Trend lines show linear mixed models (LMM) considering the slope and intercept of plots as random 426 
effects. Slope values for LMM are shown in each graph - these are not standardized by plot population 427 
and are shown at a different scale for each trait.  428 
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Table 1 – Mean linear slopes in stem-based functional composition in Amazonia. For each trait, we 429 
show the bootstrap mean annual changes in community weighted mean (CWM) and 95% confidence 430 
intervals (CI, in brackets) weighted by the product of the squared root of plot size and monitoring period. 431 
CWM is calculated using: water deficit affiliation (WDA), potential size (PS) and wood density (WD). 432 
The analyses were repeated for recruits, losses and the difference between recruits and dead trees (net 433 





affiliation (mm y-1) 
Wood Density 
(g cm-3 y-1) 
Whole 
community 
0.01 (-0.002| 0.01) 0.01 (-0.03| 0.04) -1x10
-5 (-9x10-5 | 6x10-5) 
Gains (recruits) 0.07 (-0.03| 0.2) -0.45 (-0.9| -0.03) -3x10
-4 (-2x10-3| 1x10-3) 
Losses 0.1 (-0.01| 0.2) -0.1 (-0.6| 0.3) 2x10
-4 (-7x10-4| 1x10-3) 
Net fluxes -0.03 (-0.2| 0.1) -0.45 (-1| 0.1) -7x10
-4 (-2x10-3| 8x10-4) 
 435 
Table 2 – Mean linear slopes in basal area-based functional composition in Amazonia. As in Table 436 





affiliation (mm y-1) 
Wood Density 
(g cm-3 y-1) 
All community 0.03 (0.02| 0.05) 0.01 (-0.04| 0.07) 3x10
-5(-6x10-5| 1x10-4) 
Gains (basal area) 0.06 (0.01| 0.12) -0.09 (-0.53| 0.2) -5x10
-4(-1x10-3| 1x10-4) 
Gains (recruits) 0.06 (-0.09| 0.19) -0.08 (-0.7| 0.6) -2x10
-4(-2 x10-3| 2x10-3) 
Losses 0.13 (-0.08| 0.33) -0.33 (-1.2| 0.5) -1x10
-3 (-2x10-3| 3x10-4) 
Net fluxes -0.05 (-0.27| 0.2) 0.24 (-0.7| 1.19) 9x10
-4 (-4x10-4| 2x10-3) 
  438 
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The influence of climate on functional composition 439 
The trends in the intensity of extreme dry events (MCWDi) within each plot were 440 
significantly correlated with trends in the losses of community basal-area WDA (Figure 4) and 441 
the fluxes of basal area WDA (Appendix S9). This indicates that the mortality of large wet-442 
affiliated trees has increased in plots where the dry seasons have become more extreme. Trends 443 
in climate were also negatively correlated to losses of stem-based WD (Appendix S9). There 444 
was no significant correlation between trends in climate and trends in community weighted 445 
mean of any other trait or segments of the tree community (Appendix S9). 446 
 447 
Figure 4 – Relationship between trends in climate and functional composition. The y-axis 448 
represents plot trends in water deficit affiliation (WDA) per year calculated as the linear slopes of basal 449 
area-based community weighted mean within the losses and x-axis shows the trends in most extreme 450 
dry season within a census interval (MCWDi). The black line represents OLS linear regression and in 451 
the 1:1 line is shown in grey. Note that changes in the tree community are correlated to changes in 452 
climate (Kendall τ = -0.2; P < 0.01), i.e., stronger drying trends favour the mortality of wet-affiliated 453 
taxa. Correlations hold when outliers are removed (Kendall τ = -0.4; P < 0.05 when excluding outliers 454 




Floristic trends 457 
The floristic changes represented by the linear trends in abundance for individual 458 
genera are generally consistent with the functional changes observed. There has been a notable 459 
increase in the relative abundance of the dry-affiliated genera Bertholletia, Brosimum and 460 
Pseudolmedia, together with sharp decreases for the wet-affiliated Aparisthmium, Fusaea, Inga 461 
and Mezilaurus. Some large-statured genera have increased significantly, such as Mora, 462 
Couratari, and Eschweilera. A decrease in smaller-statured taxa, such as Ouratea, Aniba, 463 
Marlierea and Astrocaryum is also observed (Appendix S12). Palms (Arecaceae) have 464 
significantly declined in abundance (Appendix S12) overall, with marked declines of 465 
Oenocarpus and Astrocaryum, even though the hyperdominant palm genus Euterpe has 466 
significantly increased in abundance across the basin. 467 
By analysing abundance trends of different taxa, it is possible to identify which genera 468 
contribute the most to the observed overall changes in functional composition (i.e., PS in basal 469 
area terms for the whole community and WDA stem density for recruits). The correlation 470 
between taxa PS and their trends in basal area was significant (Kendall τ = 0.2; P-value < 0.01) 471 
and driven by an increase in some emergent and canopy genera such as Eschweilera, Licania 472 
and Pouteria, and a decrease in some sub-canopy and understorey genera such as Iriartea, 473 
Rinorea and Oenocarpus (Figure 5 – Appendix S12). The decrease in WDA within the recruits 474 
was also explained by changes in floristic composition across the Amazon (Kendall τ = -0.16; 475 
P < 0.05), with declines in the recruitment of new stems of wet affiliated Amazon genera such 476 
as Mabea, Sterculia, Swartzia, Iryanthera and Theobroma and recruitment increases for dry 477 
affiliates such as Trema, Simarouba and Hieronyma (Appendix S12). 478 
Our analyses of the trends in abundance for the functional types defined for Amazonian 479 
trees by Fyllas et al. (2012) show small-statured non-pioneer taxa to be significantly decreasing 480 
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in abundance by 0.29% y-1 (Appendix S10). No significant trend was found for the other 481 
functional types (small-statured pioneers, tall pioneers, and tall non-pioneers). Note that this 482 
analysis was limited to the species classified by Fyllas et al. (2012) within these four functional 483 
types, which represent ca. 28% of the total number of individuals within our plots.  484 
485 
Figure 5 – Floristic changes behind the detected functional shifts. The y-axes represent mean 486 
linear slopes of plot level genera relative abundance across the Amazon in terms of number of 487 
individuals or basal area as a function of time, with each plots’ contribution weighted by the square 488 
root of plot area and monitoring period. Grey horizontal lines indicate zero change. The x-axes 489 
represent genus-level traits. (a) Trends in relative basal area within the whole community vs. potential 490 
size (cm), plotted in the log scale to facilitate visualization; (b) trends in stem relative abundance 491 
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within the recruits vs. water deficit affiliation (mm). Genera that show confidence intervals not 492 
overlapping zero are shown in blue. Black contour marks the 10 most abundant genera in terms of 493 
number of stems.  494 
Discussion 495 
Here we report the first Amazon-wide analyses of temporal trends in functional and 496 
floristic composition of lowland tree communities across 106 Amazonian inventory plots 497 
analysed over three decades. We find evidence of climate-induced shifts in community 498 
composition. Recruits have become more dry-affiliated (Table 1) and the mortality of wet-499 
affiliated trees has increased in the areas where the drying trend was stronger (Figure 4), 500 
suggesting a direct effect of climate change on functional composition. This compositional 501 
shift is consistent with the detected intensification of the seasonal drought across the majority 502 
of permanent monitoring plots in Amazonia. The trends in potential size (PS) and wood density 503 
(WD) further indicate that changes within the Amazon forest are likely to be a consequence of 504 
a combination of drivers. However, our data also highlight the relative inertia of tropical forest 505 
communities in their ability to respond to environmental changes. For instance, the detected 506 
change in tree communities, with recruits becoming more dry-affiliated by 0.45 mm y-1, is 507 
substantially smaller in magnitude when compared to the climate trend of 1.1 mm y-1. 508 
The functional shifts observed here are mirrored by underlying floristic changes when 509 
our data are analysed in terms of discrete taxonomic units (Figure 5). The genus-level floristic 510 
shifts behind the significant changes detected (Table 1 and 2) illustrates how functional 511 
responses result from actual floristic change across Amazonian communities. However, the 512 
relationships between traits and floristic shifts also show significant scatter, suggesting 513 
idiosyncratic responses of each taxon and the complexity of this highly diverse system. 514 
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Climate-induced changes in floristic composition 515 
We detected an increase in the abundance of drought-tolerant genera across Amazonia 516 
when analysing the recruitment and mortality within tree communities (Table 1, Figure 4), 517 
consistent with the hypothesis that tree communities are responding to the changes in climate. 518 
Our large-scale results are consistent with tree community shifts towards more drought-tolerant 519 
taxa reported in some neotropical (Butt et al., 2014, Enquist &  Enquist, 2011, Feeley et al., 520 
2011b) and west African forest localities (Fauset et al., 2012), and some temperate localities 521 
(McIntyre et al., 2015). Across Amazonia we find that greater mortality of wet-affiliated taxa 522 
over time is related to the degree to which water-stress has increased within each community, 523 
providing direct evidence of the influence of climate on community dynamics (Figure 4). This 524 
only emerged when analysing trends in basal area, indicating that it is driven by the increase in 525 
mortality of large wet-affiliated trees. Indeed, large trees are expected to suffer the most under 526 
drought conditions by being more vulnerable to embolism, and thus more likely to die from 527 
hydraulic failure under drought-stress (McDowell &  Allen, 2015, Rowland et al., 2015). In 528 
addition, further supporting the conclusion that this reflects concerted, widespread changes in 529 
Amazon forest mortality, we also found an increase in the potential size of the dead trees when 530 
analyses were repeated considering each cluster of neighbouring plots as a single sample unit 531 
(Appendix S7). Somewhat surprisingly we find losses in stem-based WD to be negatively 532 
correlated to changes in climate (Appendix S9), which suggests that WD may not be a good 533 
proxy of drought vulnerability. 534 
Nonetheless our results suggest that other drivers are also causing compositional shifts 535 
in Amazon forests. For example, although we did observe an increase in mortality of large, wet 536 
affiliated trees, consistent with the effect of the 2005 drought (Phillips et al., 2009), somewhat 537 
surprisingly our analyses also show a slight increase in the basal area of potentially large tree 538 
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genera across the basin. These results contradict the expectations that droughts would 539 
preferably impact larger trees but are in line with the suggestion that smaller-statured trees are 540 
more vulnerable to droughts as they have shallower roots than larger-statured trees (Condit et 541 
al., 1996, Fauset et al., 2012, Wright, 1992). Most likely, it appears that the increase in 542 
mortality of large trees in some areas of the basin (Figure 4, Appendix S9) is a consequence of 543 
drought events such as the 2005 drought (cf. Bennett et al., 2015, Phillips et al., 2010), but that 544 
it this mortality has been insufficient to counter a longer-term tendency towards increased basal 545 
area of large-statured taxa across Amazonia.  546 
Additional drivers of compositional change 547 
Larger trees have greater competitive capacity and are anticipated to gain 548 
disproportionately with additional resources (Coomes et al., 2011, Enquist et al., 2009, Enquist 549 
et al., 1999). The increase of atmospheric CO2 potentially provides a parsimonious explanation 550 
for the observed relative increase in large-tree genera (Table 2). If the increase in atmospheric 551 
CO2 of ca. 5% per decade since the 1980s (Tans, 2016) is stimulating plant growth or increasing 552 
water-use efficiency, then taxa that tend to compete better for light, notably larger trees (Poorter 553 
et al., 2005), are likely to gain a greater competitive advantage (Falster &  Westoby, 2003). 554 
Although further investigation is needed to confirm this hypothesis, our results show an 555 
increase in basal area of large-statured taxa (Figure 3; Table 2) and a decrease in abundance of 556 
non-pioneer small-statured taxa (Appendix S10), both consistent with the expectations from 557 
increased competition. Additionally, the relative increase of larger genera is also observed in 558 
the broader dataset including the fringes of Amazonia (Extended Amazonia see Supplementary 559 
material), which supports the inference of a ubiquitous driver of compositional change. Our 560 
observations are also in line with a series of stand-level studies that show increases in above 561 
ground biomass, growth, mortality and recruitment across Amazonia – all trends expected as 562 
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an outcome from increased atmospheric CO2 (Brienen et al., 2015, Phillips &  Gentry, 1994, 563 
Phillips et al., 1998). 564 
While considerable interest has focussed on the atmospheric and climatic changes, 565 
particularly drought, other environmental changes may be important. Conceivably one or more 566 
of these could have pervasive impacts on mature forests across the basin to rival or exceed any 567 
climate impacts. Amazonian forests have been hypothesized to be recovering from previous 568 
disturbances that are either natural (Chambers et al., 2013, van der Sande et al., 2016) or 569 
human-driven, particularly in pre-Colombian times (McMichael et al., 2017). If this is the case, 570 
we would expect the forest to be following a successional trajectory characterised by a shift 571 
from pioneers (low wood density) to mature forest species (high wood density) (e.g., Chave et 572 
al., 2008, Connell &  Slatyer, 1977, Lewis et al., 2009a). While the observed relative increase 573 
in basal area of larger taxa is consistent with widespread recovery from disturbance (Chave et 574 
al., 2008, Wright, 2005), the 106 Amazonian inventory plots show no significant shift in wood 575 
density (WD) across the whole community, or perhaps more importantly, among the recruits 576 
(Table 2). We note that our WD data (Chave et al., 2009, Zanne et al., 2009) provide a less 577 
than perfect insight into actual change given that there is likely to be additional spatial and 578 
intra-generic variation (Baraloto et al., 2010, Patiño et al., 2009) that we cannot account for. 579 
However, WD is considerably conserved across the phylogeny, and genus-level wood density 580 
has been found to be adequate to distinguish between late successional and pioneer genera 581 
(Coelho de Souza et al., 2016). Moreover the only functional group that has clearly lost ground 582 
over our monitoring window are the short-statured non-pioneers which are the best adapted to 583 
low light, late-successional environments (Appendix S10). Compositional analyses further 584 
suggest that some pioneers are increasing, most notably an increase of 3.4% ha-1y-1 in the 585 
relative abundance of Cecropia, a key early successional taxon (Appendix S12), which 586 
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typically dominates in early stages of succession but declines at later stages of the successional 587 
trajectory (Zalamea et al., 2012). The increase in the abundance of light-demanding taxa may 588 
be a consequence of an acceleration in the canopy gap dynamics caused by the increase in 589 
baseline mortality rates (Baker et al., 2016, Brienen et al., 2015). Finally, if these forest plots 590 
are recovering from the impact of Amazonian peoples who favoured especially useful species, 591 
then we might expect domesticated taxa sensu Levis et al. (2017) to now be decreasing in 592 
abundance following the relaxation of this anthropogenic influence. No such trend is observed 593 
in our data (Appendix S11).  594 
There has been considerable concern regarding the ecosystem impacts of widespread 595 
removal of large-bodied frugivores. In particular, it has been repeatedly suggested that hunting 596 
will or may have already altered tree composition in tropical forests (e.g. Doughty et al., 2016, 597 
Osuri et al., 2016, Peres et al., 2016, Peres &  Palacios, 2007, Terborgh et al., 2008) via 598 
dispersal failure of zoochoric trees (Chapman &  Chapman, 1995). These tend to have high 599 
wood density and large stature, so a recruitment failure is predicted to lead to a reduction in the 600 
prevalence of both of these traits and thus in Amazonian biomass (Bello et al., 2015, Peres et 601 
al., 2016). This study was designed to understand floristic dynamics in intact Amazonian 602 
forests and not to evaluate the effects of hunting pressure, which is likely to more strongly 603 
affect areas adjacent to rural communities, roads and rivers (Peres &  Lake, 2003). However, 604 
the increase in potential size and the lack of change in wood density within the recruits (Figure 605 
3) contradict expectations of the hunting hypothesis as a driver of recent community 606 
composition change in intact forests, which, again, does not rule out the possibility of hunting 607 
pressure causing shifts in composition in particular locations where this activity is stronger. 608 
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The pace of change 609 
Changes in tree communities are expected to substantially lag behind environmental 610 
changes as trees are sessile and long-lived (Blonder et al., 2017, Davis, 1989, Hubbell, 2001, 611 
Lenoir et al., 2008, Svenning &  Sandel, 2013). Our results are consistent with this prediction. 612 
In other systems where climate gradients are almost unidirectional it is possible to assess the 613 
speed at which communities are expected to be moving across spaces to follow climate 614 
(Devictor et al., 2012), but this is not the case for precipitation in Amazonia where precipitation 615 
regime is heterogeneous at multiple spatial scales. However, by ensuring that climate and 616 
water-deficit affiliation are calculated in the same scale we can compare the degree to which 617 
climate and communities are changing. Across Amazonia, plots have undergone an average 618 
drying trend of -1.1 mm y-1 MCWD (Figure 2). Notably, change in tree communities did not 619 
keep pace with the change in climate - the mean trend in water-deficit affiliation for the whole 620 
community is two orders of magnitude smaller (0.01 mm y-1, Table 1), with confidence 621 
intervals overlapping zero. However, a much shorter lag is observed when analysing the net 622 
fluxes, i.e., recruits – deaths (-0.45 mm y-1, Table 1), indicating that although responses are 623 
slow, this system has some dynamic capacity to respond to changes in climate. 624 
The observed pace of change is a reflection of the nature of these communities. 625 
Recruitment and mortality of trees >10 cm D averaged 9 trees per hectare per year between 626 
1985 and 2010 across the basin (Brienen et al., 2015). Considering that in our data mean stem 627 
density is 520 trees ha-1 and mean plot-monitoring length is 14 years, we can expect by the 628 
final census an accumulated turnover of ≈ 24% of stems. Thus, we should expect a priori that 629 
whole community-level composition would be only weakly affected by changes over the 630 
measurement period and would instead largely reflecting legacy effects of recruitment and 631 
mortality processes occurring decades prior to the onset of the monitoring period (Davis, 1989). 632 
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Our results provide empirical evidence of the inertia within this system and clearly raise 633 
concerns about whether forests here will be able to track further climate change anticipated 634 
over coming decades. 635 
This study provides the first Amazon-wide picture of functional and floristic dynamics 636 
over the last 30 years. Models have predicted a strengthening of the dry season over the 637 
Amazon (Boisier et al., 2015, Joetzjer et al., 2013), and an increase in water-stress as a 638 
consequence of rising temperature (Pokhrel et al., 2014). But there have been few attempts to 639 
account for changes in composition, which may modulate the whole forest ecological impact 640 
of ecophysiological drivers such as increasing vapour pressure deficit (Levine et al., 2016, 641 
Sakschewski et al., 2016). The velocity and the magnitude of compositional changes presented 642 
here should be considered in attempts to model the dynamics of these forests under future 643 
climate. Our results show that a slow shift towards a more dry-affiliated Amazonia is 644 
underway. If such a floristic shift is substantial enough to increase the resilience of Amazon 645 
tree communities to future droughts, it will still come with a price in terms of tree biodiversity, 646 
since wet-affiliated restricted taxa represent the majority of Amazonian tree flora (Esquivel-647 
Muelbert et al., 2017a). Furthermore, although our results demonstrate that changes in 648 
composition are possible, the inertia intrinsic to these communities means that they will 649 
substantially lag behind climate change. Droughts are continuing to impact the basin (Erfanian 650 
et al., 2017, Jiménez-Muñoz et al., 2016). If this lag persists, intact Amazonian forests may be 651 
increasingly dominated by sub-optimally adapted trees in terms of their preferred climate 652 
space, potentially threatening the ability of these ecosystems to provide key services such as 653 
protecting biodiversity and sequestering and storing carbon.  654 
Acknowledgements  655 
 34  
 
This paper is a product of the RAINFOR network. It integrates the effort of hundreds 656 
of researchers and field assistants across Amazonia over the last three decades and the sustained 657 
support from rural communities and local institutions. We thank the following individuals in 658 
particular Atila Alves de Oliveira, Benoit Burban, Bert van Ulft, Christopher Baraloto, Eliana 659 
Riascos, Foster Brown, Francisco Gómez, Freddy Ramirez Arevalo, Iêda Leão do Amaral, 660 
Irina Mendoza Polo, Jean Olivier, Joey Talbot, John Lleigue, Marcela Serna, Michel Baisie, 661 
Lilian Blanc, Patricia Alvarez Loayza, Roderick Zagt, Nadir Pallqui Camacho, Nazareno 662 
Martinez, Olaf Banki, Pétrus Naisso, Samaria  Murakami, Samuel Almeida, Timothy Killeen, 663 
Tomas Dario Gutierrez, Walter Huaraca Huasco, Wemo Betian and Vincent Bezard. Support 664 
for RAINFOR has come from the Natural Environment Research Council (NERC) Urgency 665 
Grants and NERC Consortium Grants “AMAZONICA” (NE/F005806/1), “TROBIT” 666 
(NE/D005590/1) and “BIO-RED” (NE/N012542/1), a European Research Council (ERC) 667 
grant (T-FORCES, “Tropical Forests in the Changing Earth System”), the Gordon and Betty 668 
Moore Foundation, the European Union’s Seventh Framework Programme (282664, 669 
“AMAZALERT”) and the Royal Society (CH160091). O.L.P. was supported by an ERC 670 
Advanced Grant and a Royal Society Wolfson Research Merit Award. K.G.D. was supported 671 
by a Leverhulme Trust International Academic Fellowship. This paper is part of the PhD of 672 
A.E-M, which was funded by the ERC T-FORCES grant. A.E-M. is currently supported by T-673 
FORCES and the NERC project “TREMOR” (NE/N004655/1). 674 




Allen RG, Smith M, Pereira LS, Perrier A (1994) An update for the calculation of reference 677 
evapotranspiration. ICID Bulletin, 43, 35-92. 678 
Aragao L, Malhi Y, Roman-Cuesta RM, Saatchi S, Anderson LO, Shimabukuro YE (2007) Spatial patterns 679 
and fire response of recent Amazonian droughts. Geophysical Research Letters, 34. 680 
Baker TR, Phillips OL, Malhi Y et al. (2004) Variation in wood density determines spatial patterns in 681 
Amazonian forest biomass. Global Change Biology, 10, 545-562. 682 
Baker TR, Vela Díaz DM, Chama Moscoso V et al. (2016) Consistent, small effects of treefall 683 
disturbances on the composition and diversity of four Amazonian forests. Journal of Ecology, 684 
104, 497-506. 685 
Baraloto C, Paine CET, Patino S, Bonal D, Herault B, Chave J (2010) Functional trait variation and 686 
sampling strategies in species-rich plant communities. Functional Ecology, 24, 208-216. 687 
Bates D, Mächler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models Using lme4. 2015, 688 
67, 48. 689 
Bello C, Galetti M, Pizo MA et al. (2015) Defaunation affects carbon storage in tropical forests. Science 690 
Advances, 1. 691 
Bennett AC, Mcdowell NG, Allen CD, Anderson-Teixeira KJ (2015) Larger trees suffer most during 692 
drought in forests worldwide. Nature Plants, 1, 15139. 693 
Blonder B, Moulton DE, Blois J et al. (2017) Predictability in community dynamics. Ecology Letters, 20, 694 
293-306. 695 
Boisier JP, Ciais P, Ducharne A, Guimberteau M (2015) Projected strengthening of Amazonian dry 696 
season by constrained climate model simulations. Nature Climate Change, 5, 656-660. 697 
Bowler DE, Hof C, Haase P et al. (2017) Cross-realm assessment of climate change impacts on species' 698 
abundance trends. Nat Ecol Evol, 1, 67. 699 
Brienen RJW, Phillips OL, Feldpausch TR et al. (2015) Long-term decline of the Amazon carbon sink. 700 
Nature, 519, 344-348. 701 
Butt N, Malhi Y, New M et al. (2014) Shifting dynamics of climate-functional groups in old-growth 702 
Amazonian forests. Plant Ecology & Diversity, 7, 267-279. 703 
Cardoso D, Särkinen T, Alexander S et al. (2017) Amazon plant diversity revealed by a taxonomically 704 
verified species list. Proceedings of the National Academy of Sciences, 114, 10695-10700. 705 
Chambers JQ, Negron-Juarez RI, Marra DM et al. (2013) The steady-state mosaic of disturbance and 706 
succession across an old-growth Central Amazon forest landscape. Proceedings of the 707 
National Academy of Sciences, 110, 3949-3954. 708 
Chapman CA, Chapman LJ (1995) Survival without dispersers: seedling recruitment under parents. 709 
Conservation Biology, 9, 675-678. 710 
 36  
 
Chave J, Condit R, Muller-Landau HC et al. (2008) Assessing evidence for a pervasive alteration in 711 
tropical tree communities. Plos Biology, 6, 455-462. 712 
Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE (2009) Towards a worldwide wood 713 
economics spectrum. Ecology Letters, 12, 351-366. 714 
Chen IC, Shiu HJ, Benedick S et al. (2009) Elevation increases in moth assemblages over 42 years on a 715 
tropical mountain. Proceedings of the National Academy of Sciences of the United States of 716 
America, 106, 1479-1483. 717 
Coelho De Souza F, Dexter KG, Phillips OL et al. (2016) Evolutionary heritage influences Amazon tree 718 
ecology. Proceedings of the Royal Society B: Biological Sciences, 283. 719 
Condit R, Hubbell SP, Foster RB (1996) Changes in tree species abundance in a Neotropical forest: 720 
Impact of climate change. Journal of Tropical Ecology, 12, 231-256. 721 
Connell JH, Slatyer RO (1977) Mechanisms of succession in natural communities and their role in 722 
community stability and organization. American Naturalist, 111, 1119-1144. 723 
Conway TJ, Tans PP (2016) Trends  in  atmospheric  carbon dioxide.  pp Page. 724 
Coomes DA, Lines ER, Allen RB (2011) Moving on from Metabolic Scaling Theory: hierarchical models 725 
of tree growth and asymmetric competition for light. Journal of Ecology, 99, 748-756. 726 
Davis MB (1989) Lags in vegetation response to greenhouse warming. Climatic Change, 15, 75-82. 727 
Devictor V, Van Swaay C, Brereton T et al. (2012) Differences in the climatic debts of birds and 728 
butterflies at a continental scale. Nature Climate Change, 2, 121. 729 
Diaz S, Lavorel S, De Bello F, Quetier F, Grigulis K, Robson M (2007) Incorporating plant functional 730 
diversity effects in ecosystem service assessments. Proceedings of the National Academy of 731 
Sciences of the United States of America, 104, 20684-20689. 732 
Doughty CE, Wolf A, Morueta-Holme N et al. (2016) Megafauna extinction, tree species range 733 
reduction, and carbon storage in Amazonian forests. Ecography, 39, 194-203. 734 
Duffy PB, Brando P, Asner GP, Field CB (2015) Projections of future meteorological drought and wet 735 
periods in the Amazon. Proceedings of the National Academy of Sciences of the United States 736 
of America, 112. 737 
Duque A, Stevenson PR, Feeley KJ (2015) Thermophilization of adult and juvenile tree communities in 738 
the northern tropical Andes. Proceedings of the National Academy of Sciences, 112, 10744-739 
10749. 740 
Engelbrecht BMJ, Comita LS, Condit R, Kursar TA, Tyree MT, Turner BL, Hubbell SP (2007) Drought 741 
sensitivity shapes species distribution patterns in tropical forests. Nature, 447, 80-U82. 742 
Enquist BJ, Enquist CaF (2011) Long-term change within a Neotropical forest: assessing differential 743 




Enquist BJ, West GB, Brown JH (2009) Extensions and evaluations of a general quantitative theory of 746 
forest structure and dynamics. Proceedings of the National Academy of Sciences, 106, 7046-747 
7051. 748 
Enquist BJ, West GB, Charnov EL, Brown JH (1999) Allometric scaling of production and life-history 749 
variation in vascular plants. Nature, 401, 907-911. 750 
Erfanian A, Wang G, Fomenko L (2017) Unprecedented drought over tropical South America in 2016: 751 
significantly under-predicted by tropical SST. Scientific Reports, 7, 5811. 752 
Espinoza JC, Marengo JA, Ronchail J, Carpio JM, Flores LN, Guyot JL (2014) The extreme 2014 flood in 753 
south-western Amazon basin: the role of tropical-subtropical South Atlantic SST gradient. 754 
Environmental Research Letters, 9, 124007. 755 
Esquivel-Muelbert A, Baker TR, Dexter KG et al. (2017a) Seasonal drought limits tree species across 756 
the Neotropics. Ecography, 40, 618-629. 757 
Esquivel-Muelbert A, Galbraith D, Dexter KG et al. (2017b) Biogeographic distributions of neotropical 758 
trees reflect their directly measured drought tolerances. Scientific Reports, 7, 8334. 759 
Falster DS, Westoby M (2003) Plant height and evolutionary games. Trends in Ecology & Evolution, 18, 760 
337-343. 761 
Falster DS, Westoby M (2005) Alternative height strategies among 45 dicot rain forest species from 762 
tropical Queensland, Australia. Journal of Ecology, 93, 521-535. 763 
Fauset S, Baker TR, Lewis SL et al. (2012) Drought-induced shifts in the floristic and functional 764 
composition of tropical forests in Ghana. Ecology Letters, 15, 1120-1129. 765 
Fauset S, Johnson MO, Gloor M et al. (2015) Hyperdominance in Amazonian forest carbon cycling. 766 
Nature Communications, 6. 767 
Feeley KJ, Davies SJ, Perez R, Hubbell SP, Foster RB (2011a) Directional changes in the species 768 
composition of a tropical forest. Ecology, 92, 871-882. 769 
Feeley KJ, Silman MR, Bush MB et al. (2011b) Upslope migration of Andean trees. Journal of 770 
Biogeography, 38, 783-791. 771 
Feldpausch TR, Lloyd J, Lewis SL et al. (2012) Tree height integrated into pantropical forest biomass 772 
estimates. Biogeosciences, 9, 3381-3403. 773 
Feldpausch TR, Phillips OL, Brienen RJW et al. (2016) Amazon forest response to repeated droughts. 774 
Global Biogeochemical Cycles, 30, 964–982. 775 
Fisher JI, Hurtt GC, Thomas RQ, Chambers JQ (2008) Clustered disturbances lead to bias in large-scale 776 
estimates based on forest sample plots. Ecology Letters, 11, 554-563. 777 
Flores O, Coomes DA (2011) Estimating the wood density of species for carbon stock assessments. 778 
Methods in Ecology and Evolution, 2, 214-220. 779 
Francis AP, Currie DJ (2003) A globally consistent richness-climate relationship for angiosperms. 780 
American Naturalist, 161, 523-536. 781 
 38  
 
Fyllas NM, Patino S, Baker TR et al. (2009) Basin-wide variations in foliar properties of Amazonian 782 
forest: phylogeny, soils and climate. Biogeosciences, 6, 2677-2708. 783 
Fyllas NM, Quesada CA, Lloyd J (2012) Deriving Plant Functional Types for Amazonian forests for use 784 
in vegetation dynamics models. Perspectives in Plant Ecology, Evolution and Systematics, 14, 785 
97-110. 786 
Gatti LV, Gloor M, Miller JB et al. (2014) Drought sensitivity of Amazonian carbon balance revealed by 787 
atmospheric measurements. Nature, 506, 76-80. 788 
Gentry AH (1988) Changes in plant community diversity and floristic composition on environmental 789 
and geographical gradients. Annals of the Missouri Botanical Garden, 75, 1-34. 790 
Giardina F, Konings AG, Kennedy D, Alemohammad SH, Oliveira RS, Uriarte M, Gentine P (2018) Tall 791 
Amazonian forests are less sensitive to precipitation variability. Nature Geoscience, 11, 405-792 
409. 793 
Gloor M, Barichivich J, Ziv G et al. (2015) Recent Amazon Climate as background for possible ongoing 794 
and future changes of Amazon humid forests. Global Biogeochemical Cycles, 29, 1384-1399. 795 
Harris I, Jones PD, Osborn TJ, Lister DH (2014) Updated high-resolution grids of monthly climatic 796 
observations – the CRU TS3.10 Dataset. International Journal of Climatology, 34, 623-642. 797 
Hilker T, Lyapustin AI, Tucker CJ et al. (2014) Vegetation dynamics and rainfall sensitivity of the 798 
Amazon. Proceedings of the National Academy of Sciences, 111, 16041-16046. 799 
Hubbell SP (2001) The Unified Neutral Theory of Biodiversity and Biogeography, Princenton, 800 
Princenton University Press. 801 
Huffman GJ, Bolvin DT, Nelkin EJ et al. (2007) The TRMM Multisatellite Precipitation Analysis (TMPA): 802 
Quasi-Global, Multiyear, Combined-Sensor Precipitation Estimates at Fine Scales. Journal of 803 
Hydrometeorology, 8, 38-55. 804 
Jiménez-Muñoz JC, Mattar C, Barichivich J et al. (2016) Record-breaking warming and extreme drought 805 
in the Amazon rainforest during the course of El Niño 2015–2016. Scientific Reports, 6, 33130. 806 
Jiménez-Muñoz JC, Sobrino JA, Mattar C, Malhi Y (2013) Spatial and temporal patterns of the recent 807 
warming of the Amazon forest. Journal of Geophysical Research: Atmospheres, 118, 5204-808 
5215. 809 
Joetzjer E, Douville H, Delire C, Ciais P (2013) Present-day and future Amazonian precipitation in global 810 
climate models: CMIP5 versus CMIP3. Climate Dynamics, 41, 2921-2936. 811 
Laurance WF (2004) Forest-climate interactions in fragmented tropical landscapes. Philosophical 812 
Transactions of the Royal Society of London Series B-Biological Sciences, 359, 345-352. 813 
Laurance WF, Oliveira AA, Laurance SG et al. (2004) Pervasive alteration of tree communities in 814 
undisturbed Amazonian forests. Nature, 428, 171-175. 815 
Lenoir J, Gegout JC, Marquet PA, De Ruffray P, Brisse H (2008) A significant upward shift in plant 816 
species optimum elevation during the 20th century. Science, 320, 1768-1771. 817 
39 
 
Levine NM, Zhang K, Longo M et al. (2016) Ecosystem heterogeneity determines the ecological 818 
resilience of the Amazon to climate change. Proceedings of the National Academy of Sciences, 819 
113, 793-797. 820 
Levis C, Costa FRC, Bongers F et al. (2017) Persistent effects of pre-Columbian plant domestication on 821 
Amazonian forest composition. Science, 355, 925-931. 822 
Lewis SL, Brando PM, Phillips OL, Van Der Heijden GMF, Nepstad D (2011) The 2010 Amazon drought. 823 
Science, 331, 554-554. 824 
Lewis SL, Lloyd J, Sitch S, Mitchard ETA, Laurance WF (2009a) Changing ecology of tropical forests: 825 
evidence and drivers. In: Annual Review of Ecology Evolution and Systematics.  pp Page. Palo 826 
Alto, Annual Reviews. 827 
Lewis SL, Lopez-Gonzalez G, Sonke B et al. (2009b) Increasing carbon storage in intact African tropical 828 
forests. Nature, 457, 1003-U1003. 829 
Lloyd J, Farquhar GD (1996) The CO2  dependence of photosynthesis, plant growth responses to 830 
elevated atmospheric CO2  concentrations and their interaction with soil nutrient status .1. 831 
General principles and forest ecosystems. Functional Ecology, 10, 4-32. 832 
Lloyd J, Farquhar GD (2008) Effects of rising temperatures and CO2  on the physiology of tropical forest 833 
trees. Philosophical Transactions of the Royal Society B-Biological Sciences, 363, 1811-1817. 834 
Lopez-Gonzalez G, Lewis SL, Burkitt M, Phillips OL (2011) ForestPlots.net: a web application and 835 
research tool to manage and analyse tropical forest plot data. Journal of Vegetation Science, 836 
22, 610-613. 837 
Malhi Y, Phillips OL, Lloyd J et al. (2002) An international network to monitor the structure, 838 
composition and dynamics of Amazonian forests (RAINFOR). Journal of Vegetation Science, 839 
13, 439-450. 840 
Marengo JA, Espinoza JC (2016) Extreme seasonal droughts and floods in Amazonia: causes, trends 841 
and impacts. International Journal of Climatology, 36, 1033-1050. 842 
Marengo JA, Nobre CA, Tomasella J et al. (2008) The drought of Amazonia in 2005. Journal of Climate, 843 
21, 495-516. 844 
Marengo JA, Tomasella J, Alves LM, Soares WR, Rodriguez DA (2011) The drought of 2010 in the 845 
context of historical droughts in the Amazon region. Geophysical Research Letters, 38. 846 
Mcdowell NG, Allen CD (2015) Darcy's law predicts widespread forest mortality under climate 847 
warming. Nature Clim. Change, 5, 669-672. 848 
Mcgill BJ, Enquist BJ, Weiher E, Westoby M (2006) Rebuilding community ecology from functional 849 
traits. Trends in Ecology & Evolution, 21, 178-185. 850 
Mcintyre PJ, Thorne JH, Dolanc CR, Flint AL, Flint LE, Kelly M, Ackerly DD (2015) Twentieth-century 851 
shifts in forest structure in California: Denser forests, smaller trees, and increased dominance 852 
of oaks. Proceedings of the National Academy of Sciences, 112, 1458-1463. 853 
 40  
 
Mcmichael CNH, Matthews-Bird F, Farfan-Rios W, Feeley KJ (2017) Ancient human disturbances may 854 
be skewing our understanding of Amazonian forests. Proceedings of the National Academy of 855 
Sciences, 114, 522-527. 856 
Muller-Landau HC (2004) Interspecific and inter-site variation in wood specific gravity of tropical trees. 857 
Biotropica, 36, 20-32. 858 
Nascimento HEM, Laurance WF, Condit R, Laurance SG, D'angelo S, Andrade AC (2005) Demographic 859 
and life-history correlates for Amazonian trees. Journal of Vegetation Science, 16, 625-634. 860 
Nepstad DC, Tohver IM, Ray D, Moutinho P, Cardinot G (2007) Mortality of large trees and lianas 861 
following experimental drought in an amazon forest. Ecology, 88, 2259-2269. 862 
Osuri AM, Ratnam J, Varma V et al. (2016) Contrasting effects of defaunation on aboveground carbon 863 
storage across the global tropics. Nat Commun, 7. 864 
Pan YD, Birdsey RA, Fang JY et al. (2011) A Large and Persistent Carbon Sink in the World's Forests. 865 
Science, 333, 988-993. 866 
Patiño S, Lloyd J, Paiva R et al. (2009) Branch xylem density variations across the Amazon Basin. 867 
Biogeosciences, 6, 545-568. 868 
Penone C, Davidson AD, Shoemaker KT et al. (2014) Imputation of missing data in life-history trait 869 
datasets: which approach performs the best? Methods in Ecology and Evolution, 5, 961-970. 870 
Peres CA, Emilio T, Schietti J, Desmoulière SJM, Levi T (2016) Dispersal limitation induces long-term 871 
biomass collapse in overhunted Amazonian forests. Proceedings of the National Academy of 872 
Sciences, 113, 892-897. 873 
Peres CA, Lake IR (2003) Extent of nontimber resource extraction in tropical forests: Accessibility to 874 
game vertebrates by hunters in the Amazon basin. Conservation Biology, 17, 521-535. 875 
Peres CA, Palacios E (2007) Basin-wide effects of game harvest on vertebrate population densities in 876 
Amazonian forests: implications for animal-mediated seed dispersal. Biotropica, 39, 304-315. 877 
Phillips O, Baker T, Feldpausch T et al. (2016) RAINFOR field manual for plot establishment and 878 
remeasurement. 879 
Phillips OL, Aragao L, Lewis SL et al. (2009) Drought sensitivity of the amazon rainforest. Science, 323, 880 
1344-1347. 881 
Phillips OL, Gentry AH (1994) Increasing turnover through time in tropical forests. Science, 263, 954-882 
958. 883 
Phillips OL, Malhi Y, Higuchi N et al. (1998) Changes in the Carbon Balance of Tropical Forests: Evidence 884 
from Long-Term Plots. Science, 282, 439-442. 885 
Phillips OL, Van Der Heijden G, Lewis SL et al. (2010) Drought-mortality relationships for tropical 886 
forests. New Phytologist, 187, 631-646. 887 
Pitman NCA, Terborgh JW, Silman MR et al. (2002) A comparison of tree species diversity in two upper 888 
Amazonian forests. Ecology, 83, 3210-3224. 889 
41 
 
Pokhrel YN, Fan Y, Miguez-Macho G (2014) Potential hydrologic changes in the Amazon by the end of 890 
the 21st century and the groundwater buffer. Environmental Research Letters, 9. 891 
Poorter L, Bongers F, Sterck FJ, Wöll H (2005) Beyond the regeneration phase: differentiation of 892 
height–light trajectories among tropical tree species. Journal of Ecology, 93, 256-267. 893 
Poorter L, Mcdonald I, Alarcon A et al. (2010) The importance of wood traits and hydraulic 894 
conductance for the performance and life history strategies of 42 rainforest tree species. New 895 
Phytologist, 185, 481-492. 896 
Qie L, Lewis SL, Sullivan MJP et al. (2017) Long-term carbon sink in Borneo’s forests halted by drought 897 
and vulnerable to edge effects. Nature Communications. 898 
Rowland L, Da Costa ACL, Galbraith DR et al. (2015) Death from drought in tropical forests is triggered 899 
by hydraulics not carbon starvation. Nature, 459–464. 900 
Sakschewski B, Von Bloh W, Boit A et al. (2016) Resilience of Amazon forests emerges from plant trait 901 
diversity. Nature Clim. Change, 6, 1032-1036. 902 
Stahl C, Hérault B, Rossi V, Burban B, Bréchet C, Bonal D (2013) Depth of soil water uptake by tropical 903 
rainforest trees during dry periods: does tree dimension matter? Oecologia, 173, 1191-1201. 904 
Svenning J-C, Sandel B (2013) Disequilibrium vegetation dynamics under future climate change. 905 
American Journal of Botany. 906 
Tans P (2016) Trends in atmospheric carbon dioxide.  pp Page. 907 
Ter Steege H, Nigel CA, Sabatier D et al. (2013) Hyperdominance in the amazonian tree flora. Science, 908 
342, 325-+. 909 
Terborgh J, Nunez-Iturri G, Pitman NCA et al. (2008) Tree recruitment in an empty forest. Ecology, 89, 910 
1757-1768. 911 
Thomas CD, Cameron A, Green RE et al. (2004) Extinction risk from climate change. Nature, 427, 145-912 
148. 913 
Van Der Sande MT, Arets EJMM, Peña-Claros M et al. (2016) Old-growth Neotropical forests are 914 
shifting in species and trait composition. Ecological Monographs, n/a-n/a. 915 
Van Der Sleen P, Groenendijk P, Vlam M et al. (2015) No growth stimulation of tropical trees by 150 916 
years of CO2 fertilization but water-use efficiency increased. Nature Geosci, 8, 24-28. 917 
Violle C, Reich PB, Pacala SW, Enquist BJ, Kattge J (2014) The emergence and promise of functional 918 
biogeography. Proceedings of the National Academy of Sciences of the United States of 919 
America, 111, 13690-13696. 920 
Wright SJ (1992) Seasonal drought, soil fertility and the species density of tropical forest plant 921 
communities. Trends in Ecology & Evolution, 7, 260-263. 922 
Wright SJ (2005) Tropical forests in a changing environment. Trends in Ecology & Evolution, 20, 553-923 
560. 924 
 42  
 
Zalamea P-C, Heuret P, Sarmiento C et al. (2012) The Genus Cecropia: A Biological Clock to Estimate 925 
the Age of Recently Disturbed Areas in the Neotropics. Plos One, 7, e42643. 926 
Zanne AE, Lopez-Gonzalez G, Coomes DA et al. (2009) Data from: Towards a worldwide wood 927 
economics spectrum.  pp Page, Dryad Data Repository. 928 
Zhu Z, Piao S, Myneni RB et al. (2016) Greening of the Earth and its drivers. Nature Climate Change, 6, 929 
791. 930 
Zuleta D, Duque A, Cardenas D, Muller-Landau HC, Davies S (2017) Drought-induced mortality patterns 931 
and rapid biomass recovery in a terra firme forest in the Colombian Amazon. Ecology, 98, 932 
2538-2546. 933 
 934 
